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At)s Lt-ac L -- A calcu]at. ion of t.hc A2}HX211 (O,()) I)atld emission rat.c

factors and 1 ine center absor~)t ion CL” OSS sect io:is of OH

app]  icab]e t,o its measurement  using solar resollarlt f luorescence

in the terrestrial atmosphere is px-csented jn Lhis paper. ‘fhe

most accurabe available  line parame~crs  have bee~~ used. Special

consideration has been given LO Llle solar input flux because of

its highly structured Frauthofer  spectrum. TIIe calculation for

the of{ atmospheric emission rate factor in tile solar resonant

flUOr~Scet)t case is described ill detail witl, exaNIP]e S and

ii)tcrmediate  results. Rcsul. ts of this calculat. iol) of OH emission

rate factors for individual rota~ic)tlal lines are, on average, 30%

lower than tile values obt,aitmd itl an earlier work.



. .
. .

1 N“I”}<OI)UC’I’I  ON

“1’IIc free radical lIyciroxyl  (01[) is a key species iti L.tte closely  cou[)led

c.liemi  S( ry of odd Ili [ t-C)~,C~II, ctllorinc: aIlci cIxy F,en irl (tie St I-atos[)}iere  at~d lC)WC:l-

mcsosptlere  . III tt~c! st m~os~~tlcre  01{ pat-t icipa Les in cataly[ic cycles with odd

Iii t ro~,cn and odd c.[1] r)rinc W}li C.~1 affC!Ct ~}lr!  C{JllCC!Il(.~”at.i  011 of o~OIl~ . ] II L}]c

mesosptlcrc 01[ and Ltlc! odd hydrogezl fami ly domi Ilat.  e t.tlr! c.at.  alyt. ic

pllotoctlcmist,  ry a~ld ttic dest ruct ion of ozone. Tlic principal sour-cc of

hydroxy] i n Llle upper at mospl]cre is t.l]c react ion between water Vapol- and

0(11)) . Above 60km di I-ect p})ot.o] ysis of water vapor, derived f l“om t.lle

oxi dat i on of (214 wl)icl] is L~-ansport.ed from Ltlc! t.l-oposptterc , becomes

impel-t ar]t.. Tl}e primary si rlk f’or 011 in Ltlr! st rat osp}lcre  and mesosptlere is

tJIIou~,lI  i ts reaction wi Lll 1102 .

I)cspi Le Lhe import ar~cc of hydroxyl t.o t.lle understanding of upper

atmospheric chemi st t-y, on] y a few measurements of 0[[ conccnt. rat. iot] in tile

u~l[)er atmosphere (!xis L. l’he di fficul Ly in measuring this low ahulldance

species stems from i t s cxt rcme reactivi  ty and short chemical 1 i fe~jrne . The

exi st ing Lechnique.s for 011 c.oilcent. rat. ion measurements include bal loon borne

UV I, I[)ARl  and far- infrared spect.remet.ers , Z, 3 uv la5er i[lduced  fluorCscence,4

and solar resonant. f luorescc.  rice. . 5.6 Because of ttle large electronic cross

section of 0}1 in the near ultraviolet, the OH resonant fluorescence emission

can be detected by spacccraf~-borne remo Le sensing spectrometers. ‘l’his

technique could be applied t.o global mapping and Ion,g-Lerm monitoring of OH

between LI() and 80 km. lo permit, the convcrsiort of cmitt.ed 011 band

intensities to OH concentrations, precise knowledge of the spectroscopic

pararnet,  crs governing Cllc fluorescent. emission is required. A ~hOI-OU~h

ktlowledf,e  of the input solar irradiance required to elccLronically  excite 011

is also required as well as t-be Lransjt-ion probabilities for de-excit_ation

and emission tJ1rough a large number of vibrat.ional -ro~ational pathways.

line strengths and solar resonant. fluorescence emission rate factors

have been calculated for hydroxyl rotat-ional lines in cart-h’s upper

atmosphere.’ l{owever, explicit steps and in~ermcdiat.e results necessary for

L.tle calculation have not. t)eerr prescnt_ecI. Tile details of our calculation



al-(! [)1-c! s[:Ilt eci tlr?l-e i ncl urii nfT, tt~o e.o~lsi CICI-a[ ions ilivolvitl~, [t~e s{~lec[ic)Il of a

sol al” i rracli.allce s[)c:ct x-a wliictl S( I-OIIF,I  y itlflueclccs ttte r~:sul t.a Ilt values of-

01{ emissio[]  I-a [c! (ac[oi”s.

ANAI.YS 1 S

l’lIe emission rate fact_ or, or Chamberlain g- f’ac~or, relates t.tle specif”ic

int.etlsity,  I, of a part. icul at- vibrati onal-rotationa 1 L1-ansiLion Lo ttlc!

observed column abundat]cc  of t.tle emitting moleculc:e

47rI = p>(v,v’) q(z) (1)

Wtlcr”c! 4711 is ttle emi[t.c!cl flux in Raylei~lls8 in 4n st.eradian, V(Z) is Llle

column abundance (n,olecules.cm-2)  alotlr, t-tie observed path, arid g(v,v’) is

tile. emission rate or g-factor (ptlotons.sec”l)  . For a sillgle vibrational

bat~ci the g-factor call be expressed as:g

wllcre t.lle un-primed v is the ini Lial vil)ra Lional level

pum~)ing and v’ is t.tle first exci ted level (A2>; c]ec Ll”oni C

0}[) to wltich tile molecules are pumped, XF is Lile spectral

solar irradiance, e is the elect.ron charge (in esu) , m is L

(2)

of L}lc! resonant

s~at. e, v’=0 for

disk integrated

he electron mass

(in grams), c is the speed of light. , A is the Lransjtion wavelength, f(v,v’)

the vibrational transition band oscillator  strength, and A(v,v’)/~vA(v,v’)

the Ejnstein coefficient branching ratio for a particular vibrational

st.at.e.

For individual rotational lines wjt.hin t,he hydroxyl vibrational batld

the g-factor equation musL be expalldccl  to include:

2
g(v’,v’’,J’,J’’, T) =

{::% LL n~[~2(vtv’$J!J’)lf(vJv’  !J~J’)
.

}
x N(v,v’,J,J’,T)  -

A(v’,v’’,J’,J”)

Iv7;NQ”’”~~J~” )
(3)

where v’ and J’ (the rotational level) are Lhe state t-o which Lhe molecules

are pumped, and v“ and J“ are ttic lower state (X211 ground elccLronic state

for 01{) to wl]ic~~ L~le molecu]es  relax. nF is determined aL LIIC pumping

wavelength, A(v,v’ ,J,.J’), N(v,v’ ,.J,J’ ,T) is the roLaLiot~al  popu~ation  of t~le

initia] l~Ve] at. CCJUilibrjtIM ~t2M[JCrat.UI”C?  1. f(v,v’,J,J’)  is t.llc ~-otatjonal

3
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1 itlc osci 1 lat. or St t-eti~, t.ll ~,ivetl by:

f-(v, v’,.l,.J’)  ~
:(J’ ,.1”)

f(v, v’) AZ(V, V’,.J,.J’)  ~,(z~;,+l) (/, )

10 f(,t. ~t, c tr:~l~si t io[l.wlicre S(J ‘ ,. 1”) is ttle r-o(a( iortal line s[l-cllp, tll I 11 Eq

(/,), J’i is equivalent to J sillce t.tle ahsol-pt iol~ ([)um[)c:d)  t. X”al~si t.ic)tl,  v,J -;>

v’ ,.1’ , used to dcf i IIe osc. i 1 lat. or St l-c Ilgtll is t lle same as 111(! cmi ss ion

transit ic)nf v’, J’-> V“, J”.

The

fnto two

split t)y

rotat. fon

0}1 ground electronic configuration is X211. The 211 state is split.

states , Llle 2111,2 and the 2113,2 states. Ttle 211 st-at. es arc each

Ltle ma F,ne Li c i[lteract.  ion be.t.wecll Ltie all~,ular momell Lum of molecular

and Llle ort)ital al~gular moment urn (fl and f2
sr_at,es)  . Tilesc A-

doubled levels are in Lurn sp] i L by Llle coupling of Lhe molecular magnetic

momerl L , M, wi Lh the spi n of Llle hydrosen nucl cus , but Lhe di f fc!rcnc. e in

c! Ilorgy of t,his hyperf i ne structure is small (less than O. 01 cm-l ) and has

bcell neglected here . For Ltle firs L exciteci state of 01[, 2X, the rot.a~ion

Vc!ct or, N, takes on values J=N? 1/? (Fl and Fz SLEi  Lf2S,  respectively) . ‘1’hus

for eac~l N sLa Le tliere are at least. Lwo .J ]eve]s.

For OH roLa Lional transitions between L}le above Lwo electronic st-a Les,

dipole select-ion rules dic LaLe that AJ= O,tl and a pari Ly (+ or -) change

occurs be Lween the levels. Transitions AJ= -1, O, and +1, are allowed and

designated i’, Q, and R, respectively. ‘1’ransit.ions are subscripted t.o

indicate which of che split states ttle Transition originates from and which

it. Germinates in. A subscript 1 indicates N=J+ l/2 (Fl for A2X and fl for

X211 rotational levels) and subscript 2 indicates N= J-1/2 (F2 for ‘Z and fz

for 211). The firs L Subscl”ip L of P, Q, or R gives Lhe upper (2X) state and

Lt~e second t,he ]owcr (211) sLate. For Lhc case wilere the upper and lower

st_at.es are FI and fl or F2. and fz (main branches), only one subscript is

used. A leading superscript for changes in N is included: O, P, Q, R, S

(AN== -2,-1,0,+1,+2)  when the. transition arises from a change in electron spin

and AJ#AN (satellite branches) . lIIUS, ‘Rlz (4) is a transition where AN==O,

AJ=:l , with upper sLate FI and ]ower st,ate f2 originate from Or emit. t-o

lower rotational level N“=~t. Altogether tllcre are 1? possib]e Lransit.  ions,

6 main branches: PI , 1’2, Q1 , Q2, RI , R2, atld 6 sat. el 1 i te trranc.lles : 0 p
12!



“(<12 , Q~
12. ‘~’21, ‘%, $ ‘~?, fo~- <i ~,ivc,[l N level (see F’i&. 1).

[’t’ecise tlyctr”oxyl roLa L iotlal 1 i II(, [)c)si L io[ls ‘a t-(> Ilcccssat-y for 0[[

emissiot~ r_:iLc factor calcula(ioll because of tlic l~i~,tlly structured it~put

solzir F1-aunl\ofcr  s}jc?~trum. To derive tile Lc! 1-[11 values, et)er~ics  , a net

Calcllla[cd 1 i nc: positiox]s of t tic’ tlydl”oxyl ultravic)lct e.mi ssious Lwo

cechx~iques tlave beet! used, direct djaP,o~lali~,a~iollll.12  and pcrt(lrbatic)~l

atlalysis,13 to d[!rive Ltle l[ami]totlian for Ltte Ilydroxyi wave futlctiotl. ‘f’t~e

eigenva]ues of Llle derived l[amiltol~iall  ar(! t.tlc term values of’ the tlydroxyl

states. Goldman and Gillis14 (l)ercaf”tct-, GG) used the unique pertur-ber

a[)proximation, a diagorlalized 3 x 3 Kro~~ig transformed I[amiltonian  maLrix

allci a set, of I{ami ] L.onian cotlst. arlts deriv{~d by Dest.onlbesl  5 
t_o arrive.  at ~~le

Lcrm values f-or the OH

wave.t}umbers are referenced

Tables la atld lb by state.

tlave a st.at.ed accuracy of

2X1{Z* 211 2113,2II-2* arid states. Term value

to ttle 2113,2 flc N“=.1 state and are listed ill

Line positions resulting from Lliese term values

O.1cm-1. Recently measured 01[ line pOSi LiOIIS16

stlow the (X

1 il~es N“S15.

t)y 10ss t-llan

Chidsey

calculated positions are witt~in  f0.08cnl-l for all rotational

The GG line positions differ from t}]e measured litle positions

the doppler wid L~l of the atmospheric 0}[ lirles (0.09 cm-1) .

and Crosleyl> give the Einstein trarwition probability of a

rotational line transition (Eq. (3)) as:

A(v’, v”, J’, J”) =.
641r4v3

3h
p(v’, v’’,.T’,  J”) S&J_”~

(2 J’+1)
(5)

w]~ere 11 is Plank’s ~~tlstallt  , I, iS the wave number of Ltlc rotat.ions] lixle,

p(v’, v’’, J’, J”) is tile band strength, and S(J’ ,J”) is Lhe rotational line

stretl~th normal i zed Suctl that- ~J(S(J’, J”) = 2J’+ 1. Single primed

quanLit ias represet~~  2X level v or J ,  arid double ~Jrjnles are ~1* level

qualltjt its. Cl~idsey and Crosleyla i~ave tabulated relative values of the

Eillstein coefficients normalized t.o ~lie probability of’ the Pi(l) LraIlsition

Using values of S(J’, J”). Placing these Einstein coefficients  on an

absolute reference scale, the measured life~imes  [r(v’J’)] of a selected ‘~

states is:

7(v’J’) ~= (~v.,,~,. A(v’, v’’, J’, J’’) l-l

(6)

5
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Cllidsey a [Id Cx”osl(>y ’ 7 ~,i VC! v:] ] U[:s f c, r 1 tle lratio o f [li[~st(,ilt
e

coef”f’icie[lts f o!- a [Iumt)er of ( tlc 01[ vi brat io[lal t)a[”lcls l’tlc:y f i tld

A(f), ])/(AO, O)= 3. 7x10-3 (tllc form of Ltle notatio[l is A(v’, v”)] a~id

A((), ?)/A(O, O)= 9 .7x10-> i[ld i cat i lip, t.tlat t.ransi Lions to vi brat io~lal lC!VC!l  S

c)ttler t.tlall v“, O are llc~,ligit)le. lllus , t.i~e sum of’ calcu]a~c!d  7(v’.J’  ) for

v“=O alorlc compared with ~tle measured values of T(v’.J’ ) p,ives LIIC factor

rlccessary  t.o obLain abso]ute A(v’ ,v’’, J’ ,J”)

Tt lc measured lifetime f’o r t_tlc rot.ationless (N’=0) OH molecule,

7(v’=O,J’=1/?), is difficult Lo obtain experime[l~a] ly because of

unc.er’t.aillt  ies in L~le e]c!ctronic. quenching  rate. I.ifet.ime  measurement.s must.

be made under conditions of very low pressure (less Lhan lmt_orr).lg The

average of recently obLained values f“Or t.tl~ Oli ]if~LiM~ t-~su]Ls in:

7(0,)~)=690~~Ons.lg  ’24 I’lle (0,0) band oscillator strcn~,t.ti, f(O,O) is r-elaLed

Lo T(o,%) t)y:zt

(7)

where m is Llle mass of’ aIl electron, c is Ltle speed of light, e is Lhe

electron charge , v is the wavenumber of t-he band origin [for 011 (0,0)

3~lt011.4f_)7cm.  l or 3086A], and where g,, and & are Lhc degeneracies of the

upper and lower states, respectively. With T(0,4)== 690i70ns Eq. (7) gives

f(o,o)= 1.04fo.lxlo-3. Tlic 10% uncertainty in the lifetime measurement

leads directly t-o a 10% uncertainty in the hydroxyl line ,g-fact-ors  and 10%

uncertainty in the retrieved hydroxyl concent.rat.ions using the resonan~

fluorescence method. Further validation of tl~e Ilydroxyl lif”et.ime

measurements is required for greater accuracy in Lhe determination of the OH

rotational line emission rate fact-ors.

(;G calculate the ro~ational line st-rengt-hs  based on a method described

by Hougen26 and Whit,ing and Nicholls27 to t,ake into account tile

pert.urba~ions  to t-he electronic dipole moment due to cel\trifugal and higher

order distortions and tile interactions between tile A2X and X21f sLates.14 GG

norn(alize  (.tleir line stt-etlp,tlls  using:

}:x, J, S(J,’J”) 4(2 J’1+1) (8)

6



(x use L}lc!ir calculated values of 1 i tie. St t“el)gth , Ctliclsc?y a~ld

(;roslc!y ’sl~ ko-vit)rat  ic)[lal Lt-allsitio]l ~)roljal)i ] i tics, allci equation (5) to

calculate F,itlsteirl  A coc!f’f”icietlts. The Einstein coef ’ficicnts arc acijus~cd

by G(; to obLaif~ at] 20ahso] ute A value. by usill~, Gel-man’ s T((),  b)= 68811S atld

tlq . (6). Ttle result is listed in ‘i’able 2’. l“tle avera~c c)f reCQTIL

measure merit-s of the 0}{ li f“etimc. (r (O,%)= 69011S]  sup, p,cst tha L tl~e 1 ife time of

ttle rotat. iorlless hydroxyl molcculc may be s] ight ly longer. T}lc absolute

rotational li~~c Einste ill coc!f’ficictlts calculated by (;G can be adjusted to

tlie s] igll Lly longer lifet imc values used in t,his work by multi plyirlg Llle GG

iiitis~ein coeffic. ict]ts by t_IIc: ratio of” tile lifetimes (688ris/690r)s)

I f ~he hyciroxy]  molecules i II LIIC atmosphere are itl Ltlermal equilibrium,

tile rotational population  distritjut iol{ call be descril~cd by Llle Maxwell.

Bol Lznjat~n dist, rihut ion law. For a Ilormalized  distribution, tllc rotational

populatiorl is p,ivctl by:28

N(v, v’, J, J’,’I’) = (2 J+l)(cxp(hcE(J )/(kT)) ]/Q(T) (9)

wllcre. h is Plank’s constant , c is the speed of liglit , E(J) ~lle erlergy  (iTl

cm-l) of the X211 J stat-e, k is the Bolt. zmann const.at~~, T is ttle equilibrium

temperature (in kelvins), and Q(T) is t,he partition function.

T~Ie. partition  function, Q(T), has both vi brat -ional, Qv, and ro~atio~~al,

Q,, part-s. If L}le partition function is separable, Q(1) is QVOQ, . The.

tiarmonic  oscillator approximatio~l for the vi brat iot~al part itiorl futlct. iotl

js:29

Q v =- (1 - exp(hcue/(kT)] )-l (lo)

wl]ere we is ~hc first order vibrational cons~t+n~  equal to 3737.761 cm-i .29

Because of this large energy separation between vi bratiotlal leve]s, the

value of QV is nearly unity at. middle ntmosphcric tempera tur-e. s. ‘1’bus, the

011 molecules normally lie in the lowest vibrational st, ate, VI’=. (), of Lhe XZII

electronic state. ‘he roLatiollal  part itiotl function is:



Q, ‘
[

):J.. ,x.. (l.il)cx~)x~)  l,cl:(.l’’,  fl’’(kT)T)
1

(11)

wllcl t-e t.lle summat ioli is OVCI- t)ottl J“ I-otatiorlal levels al]d spin sut)- states of

i! ,[ ~ , ~ <and ?“[1 11 ?.. Table 3 lists ttle pol)ula~ ion distrit)uticltl  at 200, 2L0, ~Ild

300K. l’llc transitions are listed ir~ ~,roups of Lllree siilcc ttley all arise

from t.llc same J“, 211}:.. , atid lower sta[. e N value. Ttle fJ>I”oups ciiffcr in t.tlc

2>: state F, J or N values to wllicti t.llcy arc! purnpcd.

I

Selection of the input solar flux spectrum is crucial Lo an accurate

l“o L,a Liona] line .g-fact.or dcLerminaLiotl for hydroxyl. ltlc value of the

emission rate factor is depcliclent or] ttle solar input. pumPing t-o L}le A2~;

st. at. e . The near ulLravio] et- spcctrurn of the sun is hi.gllly st. ruc~urod with

man y deep Fraurdiofer absorp Liorl features. A disk int-egra~ed  solar spectrum

wit.1~  spectral resolution near t.t)e doppler width of Lhe Lerrest.  rial hydroxyl

lines (0.09cm-i or 0.009A) is required for LIIC g-factor calculation buL no

cal ibrated, absolute irradiance solar spectral with this resolution exist-s

f’or L}lc 3000 to 3200A near-UV spectral region. The Kohl, Parkitlson, and

Kurucz30 (hereafter, K1’K) aLlas is I-elatively }Iigh resolution (0.028A at

7537A) buL is riot disk int,cgra~cd  and solar 1 imb darkening was not measured

longward of 3060A. Applying broad spectral bandpass  analytical  expressions

for the limb darkening31 dis~or~ed ~lle Fraun}lofer  line peak intensities and

were rejected as incompatible with lower resolution data se~s.32”33’34  ‘I%e

data set. from the Solar Maximum Mission spacecraft Ultraviolet Spectrometer

(UVSP)35  has a resolution of 0.04A bet.wcen 1750 and 3600A but gra~ing drive

instabilities, an incornplet-e spc.ct-ral  data set, and the lack of an absolute

irradiance scale, make this data set difficult. to use. 36 A hiptl resolution

cxo-at-mospheric spect,rurn for tile llear ultraviolet- must be corlscruct.ed  from

lower resolut.ioll spacecraft data ancl adjus~ed I)igh r[!solu~ion p,round-based

specLra.

Absolute, disk irr~egrat.ed, near-UV solar irradiance  spect-ra have been

obtained from space at spectral resolutions of 3.2A by tile Upper Atmosphere

Research SaLellit,e  (UARS) Solar-St-el]ar lrradiance Compariso~l Experiment

(SO1.SIICE)  .37 38 Wittl ~!xLensivc pre- atKl iwflight.  calibrations, SOLSTICE is

designed Lo accurately measure ttlc full disk solar spectral irradianc.c

8



bc2twc, eII ] 150 ZIIIC1  6?OOA (0 a 2U ;Il)so]utc accuracy of 10% A t-c~cc:llt

itltel-c.c}[]~~~ar-isor13g S}lows t tlat irt-acliallces measu I”c!d by Sc!v(! t-al ills tt-ume[l(.s

i IIC 1 [Idi n~, S01.S1’1 ~f; aboVC 200tml a~,ree to t~c>t Ler Itla[] i~%. “I”IIC LJARS S01.S’1’] CK

data set was c,tloset~ as (t~e pilot omet ric st:irlctarci to be usc?d t o adjus~ a [li~,~l

rc, sc}lut iorl ~,round llased sol ar s~)ect rum to c!xo-a LmosI)tlc!ric va]ues.

A Iii g}l rcsolut iol~ gl”ound  based solar spectrum wiLh excel lc!tlt sigtlal -t-o-

I}ois L? and wave 1 erlgttl c.overage has beerl compi led by tile Nat iorlal Solar

Observatory (NSO Atlas No. 1 )4 0  usilt~ t.tle Ki t t Peak McMatll-Pier-ce .$olal~

Tc?lcscope.’s Fourier “I’rarls form Spe. ctl”omc!ter . Ttlc! s[)c:ct rum Cov(!r-s Lh(!

wave] er[g Ll]s ?960 to 13000A at a resolvit~g powc I- of 3(+8,(300 iIl the

ult-ravio]et (0.008cA a t  3 0 0 0 A ) .This resolut. iotl CXCCCCIS  Lllc do[)pler wid~ll

of ttlc. terrestrial 0}{ lirrcs. Adjustment factors in bands of ?oA are

prcst!lltcd ill tl]c aLlas to obtaiti c.xo-atmosp}lcric flux by comparing the

observed “pseudo-residual fluxes” wit}l several spectral data SCLS.  ~’t}ese

data seLs include soutding rocket mc, asurements, 31 SIla~~I,a~ ] measureIIICtl~s  ,42

and aircraft measure ments43 cover ilt~, the range f“rom 3000A LO 3?ooA. Figure

?a compares tl~e. NSO atlas acljustcd  solar irradiallces wit_ll tile SOI,S’I’l  CE

sola T- at]as for t-he spectra] regic)tl 3000 LO 3200A. Tile SOI,SIICE  data is

pt-e. scnted at the ful] instruxl}etl~ measured resolutiotl of 3.2A plotted every

0.7A atld the high resolution NSO spectrum has been degraded LO Llle. SOL.STICE

3.2A resolution  using a simulated i.nstru.me.nt  triangular slit function with

full width at half maximum equal to the SOI.STICE  resolution. Figure 2b is a

plot of the ratio of the SOI,STICE t,c) NSO irradiance  every 0.7A in 20A

spectral  bands tnatchil~g  the pseudo-residual flux adjust.metlt-  band used in Lhe

NSO at,las. In the spectral region 3000 to 3200A, the spectra differ by up

to 18% i~~ these 20A bands. An $t-h order polynomial t~as been fit to this

difference and plotted in Fig. 2b. This fit- LO the SO1.SIICE:NSO  irradiance

ratio has

match the

agree.mont

been applied LO L}le NSO high rcsolu~iotl spectrum to adjust- it t.o

SOI.STICE  irradiance values as shown in Fig. 2c. There is good

between the adjusted NSO and the SOI.STICE  irrad~ances.

A[)plying the. above analysis to tl~e calculation of’ OH g-factors,

incorporatitlg  GG 011 rotational transition wavele.~lg~l~s, Einst-eitl  rotatiot~al

trallsiLiO1l  probabi~iLi~s, t-otational line st.rengtlls, rotat-io:lal po~)ulat,ion
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distt-il~ut  ion, r_llc SC) I, SIICI; .ad just C.d NSO a~ las tii~,tl t-eso ut ion solar flL[x

values , allcl a band osci 1 la[ot- st IrenfI,  [l I of 1 .OLX1O  3 I-csul(s itl t.tlc ~,- f”{ic.tor-s

listed in Table (l fol- all 12 of tile 01{ ~)l-a[lCll[!S  u~) Lo alld illcludillr,

t-otatioll;il level N“c15. “l”tie 1 ist itlcludcs  cmissioll l-ate values at 200, 240

al]ri 300 K. Tllc UIICC]-L ai n[ y i[l t~lis calculation, derived prirnari ly from Ltlc

+10% ul]ccrtainty  in Ltlc osci 1 later st rc!ll~,ttl, a[~ i 8% ullcertai  nt.y i~l 01[ 1 irlc

ccllt. er solar flux (tl]e maximum 1 illc ccilt.cr atJsorp Liol] in t-}lc solar spect t-urn

due to tt~e ground based 01{ c.o IumIi ill LIte NSO” d=ita) , al)d an assumed f 10% 2U

absolute irradiance ur]certaillty jr] tllc SOI.STICE derived solar spectral is

1?8?, .

Illc emission rate factors calcula Liclrl i rl t.tlis work arc on average 30%

lower than ~hc results published iti an earl ier work.7 It is difficult LO

address the spcci fic cause of- this di sc. rcpancy since int.errnedia~c rc. sul t.s

were tlot present.ed in t.tie car] ict- papc!l- . l’t~e probable cause, Ilowever, is

tllc adopted solar flux.

Table 5 is included as ar~ aid t.o tllosc wishing to modify or reproduce

t.}le g-factor calculation in this palJcr. ‘Ilc table lists Lhc 10 st-rongest

emission lines at. 240 K, as we] 1 as t.tlc 011 absorpt ion 1 ines pumped LO

populace the A2X emit -~ing level . For each of t.tle absorption t-ransi Lions ,

ttle wavelength, solar flux, I?inst,  ein coefficient, population, and rotational

l~ne strength are listed below Lhe result-ant emission line transition,

wavelength and emission rate factors at. 240K.

lhe sensitivity of t.lle calculated emission rat_e factors to solar

spect ral doppl er shi ft. s i n Lllc! cart.tl’s rcfcrcncc frame were also

invest igated. ‘1’hese  are dependent. on t.tle ear L1l’s orbital positirnl  and the

solar declination and Ilour angle at t.tle observing site and are on the order

of O.l cm-l. The percentar,e changes in Llle 01{ rotational line g-factors for

t.lle ten strongest lines at 240K are shown in Table 6 (along wi t-h t-he

popula~ing  absorption line solar fluxes: see Table 5) for solar spectral

wavelcngtJl shifts of +O. lcm-l and -O. lcm-l t-elat. ive to the NSO atlas solar

line positions. ‘I%e effect of spectral waveler~~t.tl  shifts otl these S~rOIlg

linc?s is as muc}l as 14%. Weaker lir~c ~,- factors ct~arlged  up to 33%. Prcc. ise

10



CO I- I-(~C[ io;ls [“0 1“ varyill~, s~~ect~-al dop[llc  I” sllif[s due Lo ear Ltl orbits]

cccull[r-ici [y, sc)l al- dc>cl illatiotl  at)d Iic)ui- a[~~,l(!, as WC!ll aS aCCUra LC sol at-

a[ las l’l”aLIIlllofct- 1 illc posi[ iotls is im~)c]-a[ ivc to d<ducc: [l]e ()}I abu[tdat~ces

[I-om ol)s[:t-ved  emissio[l  irltcnsi tics.

Colwlusiorls

Ttlis paper has prcsen~ed a calculation of tile hydroxyl emissloxl  rate

fact or-s applicable to the mcasurcmetlt of 01{ in LIlc terrestrial atmosphere

usitl~j solar resonant f luorescerlce  spectroscopy. “1’tle most accurate availat)le

LI-arlsi tion wavelenp,llls, Eitlstcin  tra[lsit.ioll  ~]robabilit.ies, band oscillator

Stl”ellr,ttl, roLai_ional 1 i ne stren~,Ltls  , and roLatiotlal lc!vel population

(distributions Ilavc b~erl used. Special considcra~ion  was given t.o tile hi~h

resolution input solat spcct.r-um  because of Llle lli~llly stt-ucturcd F~auldlofer

spectrum in the near UV. lt~c importance of ail ac.curate solar spectrum and

wavclcl]gtl~ scale are uririerscored by a calculation t(erein indicating the

tly[iIoxyl emission r:itf~ fac~or can ctlange as muctl as lh% for a stlift itl t.t)e

Solal- s~)cc~rum  wavelcrlp,tl~ scale of as li~tlc as ~O. lcm-’ . The calculation

for [l~c 01[ at.mospllelic scjlar resol]ant fluorescent. case t~as been present.eci in

cie tail i n order to facilitate f’ut.ul-c calculat. iol~s wi Ltl refit led 1 i ne

parameters and solar f]iJx values.
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“l’CI-lll values (utlics of cn’ 1 )  f o r-  tt]c L’l a[ld F2 tro[at ioi~al  ]CVCIS of
~t~r~ 7}1 state rcfererlccci  to tlIc! ’11 flC (N”: 1 ) Ievcl

l’erm values (uni Ls o f  cm-] )  f o r  tlic flc ,  f“l~ ,  f2C ,  f2~ rotatio~,al
levels of t.hc  21 1  st. atc ref”erellcecl  to the 211 fl( (N”= 1) Ieve.1 .

Calculated fiirls~ein  A coefficients for rotatiotlal Lrallsitiot~s
wit}lin L}IC A2X ~ X211 (0,0) balid of 011; lifetime, TO ~, equal to
688ns .

Calculated ?00, ?/,0, 300K roLat ions] po~)u] at iorl partition
f ul\c t i OT1 Labu]at. ed ~)y t ransi LioII f rom N“ level (t ratlsi Lior]s are
~,tou~,c.d acc. oyding to s t a r t i n g  N “  s t a t e s )  .

Calculated 01{ g-factor at 2 0 0 , ? 4 0 , and 300K for all 01{
rotatior~al lines to N“=]5 and intc~, r-at cd solar flux
(ptloton/cm2/ see/A) used for eactl line. 0}{ ( 0 , 0 ) band
oscil later strengttl equal to 1 .04x10-3 .

l’lle ten st. ronge.  st 011 lines (lar~,est- line. g-factors) at. 240K.
Ttle list includes emission line tratksition riesignat.  ion and
wavfj ] eng Lh, absorption  1 ine t.r-allsitiot~s and wave le. ngttls ~)umping
t~]e A2X emit.t.ing st-a~c, solar flux, Eitlsteirl coefficiet~ts,
relative population, lirle strengLlls  at each absorption line,
and tile resulting ern~ssioll line g-factor (phot,ons/see) .

Pescent changes in t-he OH g-factor for the Len strongest lines
at 240K caused by f. O.lcm-l Shi fts in the solar spectrum,
Absorption lines which populate the emitting state (see Table 5)
and the solar flux values in units of photons /cm2/sec/A  are given
before and after the spectral shifts. The percent. change in the
emission rate factor rel aLive to LIIC unshif~ed spectrum is listed
for t-tie ernissj.on  lines.
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..—. 1A[31 [ 3 -. .--—
N“ [’1, RI, l{Q?I [’2, [{?, [’(212 (21, (l f’?l, S[:21 02,  Oi’12,  Q[\Ip
1 eril;]erature  E POO.O  K
1 1.498[--01
? 1.230[-01
3 7.00-/[ -02
4 ~,:)lo[  .()?
5 9.000[ -03
G 2.097 [”-03
7 3.712[ -04
8 5.01 9E-OS
9 5.?10[--06
10 4.171 [-07
11 2.587E-08
12 1.’248E’-O9
13 4.709[.-11
14 1.395 E-12’
15 3.261 E.-14
sum 0.383454

1 emperature  = 240.0 K“
1 1.2’41 [.-01
2 1.127 E:-01
3 7.396E-02
4 3.690E-02
Cj 1.431 E-02
6 4.361 E-03
7 1 .0531Z-03
8 2.027E-04
9 3.124E-05
10 3.870E-06
11 3.871 E-07
12 3.138E-08
13 2.069E-09
14 1.115E-10
15 4.926E-12
Sum 0.367560

1 emperature == 300.0 K
1
2
3
4
5
6
7
8
9
1 o“
11
12
13
14
15
Sllm—

9.816 [=-02
9.8 WJE-02
7.454 [=-02
4.469E-02
2.172 E;-02
8.660E-03
2.854E-03
7.820E;-04
1.789E-04
3.430E;-05
5.532E-06
7.531 E;-07
8.683E;-08
8.506E-09
7.1 OGE-10
0.350191

Q, : 2G,7101?O
3.015[ -07
3.880[ -0?

?.808[ -02
1 .364[ -02

4.”/12[ -03
1.19?[ -03

2.?49[ -04
3.1 96[ -0s

1 454[, -ofi

?.8L7[  -07
1.8?1  L-08
8.9 W[”-10
3.460L 11

1.042[ -12
2.472E-14

0.1 1G829

Q, = 32.239399
2.907[ -o?
4.026 F:-02
3.290E-02
1.891 E-O?
8.094 E;-03
2.655 [:-03
6.784L-04
1 .365F-04
2!.179E.-O5
2.780E-OG
2.848E-07
2.356E-08
1.581 E-09
8.644E-11
3.869E-12
0.132722

Q, = 40.748164
2.676E-02
3.989 E:-02
3.681 E-O?
2.503E-O?
1.328E-02
5.646E-03
1 ,954E-03
5.565E-04
1.31 3E-04
2.582E-05
4.253E-06
5.894 E-07
6.8’38E-.-O8
6.845 [--09
5.782[ -10
0.150098

1 .497[ -01
1.228[ -01
6.985E -02
2.[J93[ -02
8.9?0[ -03
2.071 E’-O3
3.650 E’-O4
4.911[ -0s
5.070[ -06
4.035 f--o7
2.487 [’-08
1.192E-09
4.465[ -11
1.313[. 12
3.046 [”-14
0.382712

1 .240[:-01
1.125E-01
7.376E-02
3.673E-02
1 .420E-02
4.316E-03
1 .03!3E-03
1.991 E-04
3.054E-05
3.765E-06
3.746E-07
3.020E-08
1.980E-09
1. O6OE-10
4.654E-12
0.366839

9.814E-02
9.846E-02
7.438E-02
4.452E-02
2.159E-02
8.587E-03
2.822E-03
7.706E-04
1.757E-04
3.355E-05
5.389E-06
7.304E-07
8.381 E-08
8.171 E-09
G.79OE:-10
0.349492

3 . 0 1 8 [  -02
3 887[ -02
?.814[ -02
1 365[ -0?
4711[ -03
1.190 [.-03
2.?38[--04
3.171[ -05
3.414 [”-06
2.81’2E  -07
1.784 E-08
8.765E-10
3.353[ -11
1.004E-12
?,367E--14
0.117005

2,910 [’-02
4.032[-02
3.’?96E-O2
1.893E+-02
8.093E-03
2.651 E--O3
6.757E-04
1 .35 f3E-04
2.158E-05
2.743F-06
2.800E-07
2.306E-08
1.540E-09
8.379E-11
3.731 E-12
0.132878

2.678E-02
3.994E-02
3.686E-02
2.505E-02
1.328E-02
5.638 E-03
1.948E-03
5.536E-04
1.303E-04
2.555E-05
4.195E-06
5.793E-07
6.755E-08
r3.677E--o9
5.617 E-10
0.150219

2’.?



-



1 A[\l F 4 (cor-rt.  )

!.,O :_ 1,()< x 10”3

T ransi[ion

Qf{l?(l?)
[’?(5)
PQ1?(5)
[’1(6)
Qf’?l (l?:
0P I?(3)
Q1(l?)
Q2(11)
QR12(11,
P2(4)
F>Q12(4)
Qf’?l(ll)
Q2(10)
Ql(ll)
QR12(10)
f) 1 (5)
F’2(3)
OP12(2)
PQ1 ?(3)
Q2(9)
QR12(9)
QP21(10)
Q1(10)
Q2(8)
QRl?(8)
P2(2)
PQ1 2(2)
PI (4)
QP21 (9)
Q1(9)
Q2(7)
QR12(7)
PQ12(1)
Q2(6)
QR12(6)
QP21(8)
Q1 (8)
Q2(5)
QR12(5)
P1 (3)
Q?(l)
QR12(1)
Q2(4)
QR12(4)
QP21(7)
Q2(2)
Q2(3)
QR12(2)
QR12(3)
Q1 (7)
QP21 (6)
Q1 (6)
P1 (2)
QFz?I (5)

JJ J Wavelcngttt(~)

ii-. 5 1“2 .5
4.5 3.5
4.5 4.5
6,5 5.5

12.5 11.5
2.5 1.5

12.5 1?.5
10.5 10.5
10.5 11.5

3.5 2.5
3.5 3.5

11.5 10.5
9.5 9.5

11.5 11.5
9.5 10.5
~,~ 4.5
2.5 1.5
1.5 0.5
2.5 2.5
8.5 8.5
8.5 9.5

10.5 9.5
10.5 10.5

7.5 7.5
7.5 8.5
1.5 0.5
1.5 1.5
4.5 3.5
9.5 8.5
9.5 9.5
6.5 6.5
6.5 7.5
0.5 0.5
5.5 5.5
5.5 6.5
8.5 7.5
8.5 8.5
4.5 4.5
4.5 ~,.5

3.5 2.5
0 .5  0 .5
0.5 1.5
3.5 3.5
3 .5  4 .5
7 .5  6 .5
1.5 1.5
2.5 2.5
1.5 2.5
2.5 3.5
7.5 7.5
G.5 .55

6.5 6.5
2.5 1.5
55 4.5

31090691
3107.5618
3107.4GOO
31 O(L:)459
310r3. ?859
31 OG. O581
31 OG. O142
3105.6743
3105,4?26
3103.3503
3103.2’71?
3102.3909
310?.3677
3102.1396
3102,1370
3101.? 312
3099.6006
3099.58?5
3099.544?
3099.4?16
3099.21??
3098.8159
3098.5857
3096.8391
3096.6511
3096.3/’33
3096.3396
3096.1250
3095.5503
3095.3413
3094.6270
3094.4604
3093.7?71
3092.7971
3092.6523
3092.5828
3092.3953
3091.3694
3091.2466
3091.1943
3090.4902
3090.4565
3090.3740
3090.2734
3089.9001
3089.8716
3089.855’2
3089.8157
3089.7771
3089.7341
3087.4863
3087.34?3
3086.3945
3085.3218

Solar ;-IIJX

(l)t]t/cm2/scc/A)

5.36G8[ +12

3.7401[  +1?
7.2034[  +1?
?.6544[  +12
8.5571[ i
6.5341[ +
3.14?4[4
2.9079[”+
4.9082E+
4.6882E+
6.5004E-+
3.7112E+
2.0681E;+
2.817GE+
?.97??E+
3.3627E!i

?
2
?
2
2
?
2’
2
2
?
?
2

4.7668E;+12
4.6742EE+12
5.4760E:+12
2.891t3E+12
6.6295E;+12
5.53’l?Ei12
2.7953E+12
1.79?5[’+1?
4.8084E+I?

5.1043E+12
4.5560Ei12
2.91WlE-t12
1.3117E+13
2.8586Ei12
2.9228E+12
9.8042E+12
6.0770E+
1.2518E+
2.1870E+
3.9033E+
2.6367E+
2.8486E+
5.3192E+
2.9768E-I
6.4004E+
6.9536E-I
3.1574E+
6.4996E+
4.7265E-I
2.7516E+
2.7573E-I
4.4721E+
3.8328[:+

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
?

2.5701E”+12
7.6437[  +1?
2.6@14E+12
3.8533E+12
6.3380E+12

?.4

[)-t
?oOK
i57i-14
5.36[ -06
1.17[ -06
8.5?[ -07
l.ll[ -13
?38F-06
1.49E-12
7.00 E-1 1
6,31E -13
1 .27E-05
3. GOE-Ofi
2.3?[-12
4.23[.-10
2.26E-11
1.15E-11
4.86E-06
9.1 OE-O6
3.02E-06
6.83E-06
5.69E-09
1.19E-10
1.66E-11
3.52 F:-10
2.74E-08
1.24E -09
9.12L-06
8.63E-06
1.19E-05
2.69E-10
3.05E-09
2.79E-07
9.20E-09
1.30E-05
1.02E-06
4.97E-08
1.59E-09
2.63E-08
2.32E-06
1.19E-07
1.81 E-05
l.ll E-05
3.89E-06
8.20E-06
8.24E-07
2.05E-08
1.18E-05
1.81 E-05
4.1 OE-OG
?.41 E- -06
1 .59E -07
9.75E-08
G.84E-07
1.87E-05
3.04 E.-O7

“actor  (ptIt/s)

?40K

:).79[ -13
6.31[ -OG
1 .43[ -06
1 .36[ -06
1.28E -l?
2.19[ -OG
241[-11
5.23 E”-10
Ei.37E’-l2
1 .2 GE-OS
3.74 E.-OG
1.73 E--11
2.53E-09
2.?9[”-10
7.49E--1 1
5.96E-06
8.79 E:-OG
2.63E-OG
6.53E-OG
2.12 E:-08
5.3 OE-10
9.93 E-1 1
‘2.29E-09
8.04E-08
3.90E-09
8.24 E;-OG
7.96 E=-06
1 .24E-05
1 .00E-09
1.36E-08
5.54 E-07
2.15E-08
1.14E-05
1.59E-06
8.88E-08
4.68E-09
8.28E-08
3.34E-06
1.90E-07
1.72E-05
1 .00E-05
3.59E-06
9.65E-06
1.01 E-06
4.07E-08
1.14E-05
1.79E-05
3.92E-06
2.5or--o6
3.71 E-07
1 .5?F -07
1.22E-OCi
1.72E-05
4.36F-07

300K
9.39[ -l:)

7.?3[  -06
1.-/1[ -()(;
2.1 1[ -0(;
1.56[ -11
1.95[ -OG
3,91 [.10

4.09[ -0!3
6.41 F-11
1.21 E’-O5
3.78 F:-OG
l.35E. -lo
1.53E-08
?.30[ -09
4.85E-10
7.13 E.-OG
8.20E-06
2.21 [-06
6.03E-06
8.17E -08
2.35E-09
6.00[ -lo
1,48E -08
2.37E -07
1.? ’2[-08
7.17E-06
7.05 E.-OG
1.25E-05
3.87E-09
6.01 E-08
l.ll E-06
4,96E-08
9.52E-06
2.48E-OG
1.56E-07
1.38E-08
2.60E-07
4.71 E-oEi
2.95E-07
1 .59E-05
8.71 E-06
3.18E-06
l.ll E-05
1.21 E-06
8.16 E-C18
1.06E-05
1.73E-05
3. G2E+-OG
2.53[ -06
8.57 E--O7
2.38E-07
2.15E-06
1 .53E-05
6.15F-07



1 A[31 [ 4 ((;ont.  )

-fOo: 1. O4X1O3 — . . — .
1  rar~sitior] J J J  Wavelengltl(h)

‘Ql(:,)  ““”

f{?(l)
QI’?I (4)
(21(4)
f’1(1)
(2[’? 1(3)
Q1 (3)
[{2(2)
QP21(?)
Q1(2)
QP21(1)
Ql(l)
f{2(3)
R2(4)
R2(I 5)
f??(q
RQ?l(I)
Rl(l)
F{?(14)
R?(6)
RQ21(2)
f{ 1 (2)
[{ Q21(15)
1{1(15)
fV’(13)
R2(7)
RQ?l (3)
RI (3)
R2(12)
R2(8)
RQ21(14)
R2(11)
F{1(14)
F{2(9)
R2(10)
RQ21(4)
R1(4)
RQ21(13)
R1(13)
f\ Q21(5)
RI (5)
RQ21(12)
RQ21 (6)
R1(12)
RI (6)
RQ?l(l  I)
RQ21 (7)
Rl(ll)
fll(7)
RCM’1(10)
fK221(8)
RQ21(9)
R1(10)
R 1 (8)

.—_— —. —..
~,~ :,,:,

0.5 1.5
4.5 3.5
4.5 4.5
1.5 0.5
3.5 ?.5
3.5 3.5
1.5 2.5
2.5 1.5
2.5 2.5
1.5 0.5
1.5 1.5
2.5 3.5
3.5 4.5

14.5 15.5
4.5 5.5
1.5 1.5
1.5 ?.5

13.5 14.5
5.5 6.5
2.5 2.5
2.5 3.5

15.5 15.5
15.5 16.5
12.5 13.5
6.5 7.5
3.5 3.5
3.5 4.5

11.5 12.5
7.5 8.5

14.5 14.5
10.5 11.5
14.5 15.5
8.5 9.5
9.5 10.5
4.5 4.5
4.5 5.5

13.5 13.5
13.5 14.5
5.5 5.5
5.5 6.5

12.5 12.5
6.5 6.5

12.5 13.5
6.5 7.5

11.5 11.5
7.5 7.5

11.5 12.5
7.5 8.5

10.5 10.5
8.5 8.5
9.5 9.5

10.5 11.5
8.5 9.5

3085.1 M)
3084.0527
3083.3799
3083. ?798
3081.6677
3081.6260
3081.5479
3080.2378
3080.0117
3079.9561
3078.4763
3078.4429
3077.0347
3074.3765
3073.0310
3072.2073
3072.0686
3072.0132
3071.1482
3070.4856
3070.3955
3070.3181
3070.2451
3069.9053
3069.6780
3069.1841
3068.8054
3068.7061
3068.6121
3068.2859
3068.2339
3067.9436
3067.9124
3067.7817
3067.6677
3067.3625
3067.2417
3066.6138
306 I3.31O8
3066.1189
3065.9766
3065.3718
3065.1128
3065.0879
3064.9497
3064.4951
3064.3740
30 G4.2305
3064.1899
3063.9709
3063.9255
3063.7859
3063.7261
3063.7?07

Solar [ lux

(ptlt/Cml’/sc!c/A)

?.-/90:)[  + 1?

8.$1!)06[  + 1 ‘?

77470[  +12
7.[1717[ +12
3.5450[ + 12
4.9-/09[ +1?
?.9581[ + 12
7.8644[ +12
3.454?[ + 1’2
3.1738[  +1?
3.3731E+ 12
1.6130[ +12
(3.0449[  + 12
4.6141 [+1?
2.4444[ +1?
3.7399[ +12
1 .9467 [-+ 12
5.2488 [:+12
3. G368[ + 1?
4.1097F 41?
8.2180 F”+I?
5.8408[ + 12
3.3753 [”+ 12
4.8446E + 12
3.7685 [.+ 12
3. EJ506E-+12
6.7783 E;+
3.6546 F-+
3.3771E+
3.4797E+
6. O41OE-I
1.9960E+
3.5482E+
3.4440E+
3.1974 E.+
2.8525E+
5.3621E+
1.1648  [:+

2
2
2
2
2
2
2
2
2
2
1
3

2.0014E.i  12
4.7003E:-r  12
3.3906 [;+ 1 ?
1 .0996E+ 13
3.5431 [;+12
3.009 GE+12
3.3193E+ 12
1 .0033E+ 13
2.989 GE+1?
?.6871[  +1?
3.1792E  +12
5.6277E + 12
2.5049E + 12
7.7451 E:+12
2.5323E+ 12
2. G688L+1?

?’s

——-...  ._
{]-factor (plltls)

?oOK
1.28F -06
?8-/[ -06
1.55E -06
6.78[ --06
2.33E-05
5.35F-06
1.49E -05
5.66E-06
6. XI-06
1.88E-05
1.32E-05
1 .33E-05
2.89E-06
8.82E-07
1,58E-18
4.06E-07
4.26E-06
2.95E-06
9.72E-17
l.l GE-07
5.15E-OG
3.67E-06
7.55E-20
1.49E-18
2.07E-15
1.17E-08
1.72E-06
2.06E-06
4.93E-14
2.49E-09
5.25E-18
1.80E-12
4.95E-17
1.88E-10
3.17E-11
3.t35E-07
4.40E-07
1.28E-16
9.67E-16
1 .22E-07
2.55E-07
3.49E-15
2.64E-08
3.57E-14
6.25E-08
1.49E-13
2.08E-09
G.71E-13
1 .08E-08
3.08E-12
3.55E-10
?.20E-I 1
1.00 E-1 1
1.?9E-09

?40K
2.04[”-06
2.77[.-OG
1.82E-OG
8.31 E-OG
2.03E-05
5.31 E-06
1 .55 E.-O5
5.61 E-06
6.04E-06
1 .79E-05
1.19E-05
1 .23E-05
3.40E-06
1.27E-06
1.74E-16
6.35E-07
4.12E-06
2.82E-06
6. OIE-15
2.30E-07
5.11 E-06
3.81 E-06
8.32E-18
2.25 E-lf_i
8.71 E-14
3.44E-08
2,03E-06
2.53E-06
1.20E-12
9.27E-09
3.24E-16
2.07E-11
4.1 OE-15
1.13E-09
2.37E-10
5.24E-07
7.02E-07
5.36 E-l SI
4.61 E;-14
1.91 E-07
4.55E-07
8.49E-14
5.24E-08
9.46E-13
1.46E-07
1.71 E-12
6.11 E-09
1.09E-11
3.40 E:-08
2.3of--l 1
1.32E.-O9
1.32E-10
1. O1E=-10
5,76E-09

300K
3.17[--.  c)~-
2.5[IE-o  G
‘?.08E-  -06
9.94[ -06
1.70E -05
5.12[ -06
1.56E -05
5.41 [ -06
5.64 E.-OC>
1 .66[:-05
1 .04 E-05
1.09E -05
3.89 E-oCi
1.79[-06
2.04[-14
9.91 E.-O7
3.84E-OG
2.6oE-06
4.01[;  -13
4.61 E-o-/
4.92[:-06
3.85[:-06
9.75E-16
3.24E-14
3.77E-12
1.01 E-o”l
2.32E-OG
3.02E-06
3.00 E-I 1
3.57E-08
2.16E-14
2.52E-10
3.34E-13
6.82E-09
1 .85 E.-O9
7.39E-07
1.09[--06
2.32 E;-13
2.23E-12
2.99E-07
8. OIE-07
2.12 E:-12
1.05E-07
2.49E-11
3.37E-07
2.08E-11
1 .80 E.-C)8
1.7 GE-10
1.06E -07
1.80[:-10
5.09 E-09
7.96E-10
1 .02E-09
2.55[  -08



1 A131.E; 4 (CCNlt.  )
IQ,* :_ .1.04 x llo ~

1 ransition J J J  wavek;r]cjtl(Aj Solar [ lLIX

RI(9) ‘-
SFW1(I)
SIW’l(?)
SR21(3)
SR?I(4)
S. R?1(5)
SR21(G)
SR21(7)
SR21(8)
SR21(9)
SR?1(10)
SR21(11)
SR21(12)
SR21(13)
SR21(14)
SR21(15)

9.5 10.5
1.5 ?5
2.5 3.5
3.5 4.5
4.5 5.5
5.5 6.5
6.5 7.5
7.5 8.5
8.5 9.5
9.5 10.5

10.5 11.5
11.5 12.5
12.5 13.5
13.5 14.5
14.5 15.5
15.5 16.5

3063.5608
30(;2.5’259
30:)7 7?90
3053.0544
3048.5703
3044.3301
3040.3740
3036.7332
3033.4316
3030.4900
30?-7.9?53
3025.7534
30?3.9888
3022.6450
3021.-/366
3021.2769

([ Jtlt/crll’/sec/A)

3.1689[ +12
1.2034[ +13
?,8401[  412
?.4209[  i 12
1.1091 [+13
1.3631 [+13
~,920:3[ + 1 ?

9.6358[+12
2,7465  [”+ 12
1.4996[-+ 13
1 .27(30[’+ 13
2,1300 [.4 12
?.1571[-+12
7.’266OF.+ 12
4.&134E+12
2.??471--I 12

g-factor ([ Jt]t/s)

?OOK Z40K.
1.53E -10 9.93[ :10
7.62[ -0-/ 7.56[--07
3.87F - 0 7  4,55E -07
!3.80[ -08 1 .41[ -07
3.61 [ --08 5.OIE -08
8.26[  -09 1.Ei4E -08
6.75[. -10 1.98[,-09
1.18E-10 4.41[-10
7.49E-12  4.48E - 1 1
1.07E-12 7.98[:-1?
5.22E-14 6. OIE, -13
1.24E-15 3.02[:-14
4.60 E’-17 1.93[--15
1.91 E:-18 1.18 E,-16
2.78[:-20  3.07E-18
1.55E:-2? 2’.37E:-2o

300E(
‘6:44[  -():)

7.29[  .07

5.21[ -07
Ic][][ .o~

8.81[  -08
3.28[  -08
5.84[  -09
1,70E:-09
?.71[’-10
6.?4E-1 1
7.32E-12
7.56E -13
8.36[  -14
7.89[-15
3.59[”-16
3.45[--18

The total (0,0) band g value of 01{ at 1 = 240.0 K is 3.42 x 10”4 photos/see.



TAD1.E 5. - --- -— -.----—-..—–. .——. . .. —-_._..._ . ..-——— - ..- _____ ____ _ _ __
[ rllissmr~ At)sor[)tiorl Solar [’of~lllafiorl  [ Irlstcin

–-[-.ir,;--  -– --— -- ---- . ..-._
{) (?40 k)

lrraciiancc (240K) A Strerlgtt] (ptlt/s(!c)
(pt 11/cr117/sc(;/A) (fVN,) G3efficlcrll S(J,J”)

lrans wavc(A)
(X1O’) )

lrans. W a v e ( A ) (xl O’)

f’,(l) 3081 .667-/
PI(1) 3081.6677
W’12(?) 3099.58?5
Y.?l?(l)  3093.7?71

-(2 3(3) 3089.8552
P.?(4) 3103.3503
Q2(3) 3089.8552
FW(2) 3080.2378
‘P21(3)  3081 6260
‘0?1(2) 3070.3955
‘R21(1) 3062.5259-. .— . . . . . . . .._. . . . . . . . . __

c),(?)  3079 .9561
F’1 (3) 3091.1943
QI(2) 3079.9561
Rl(l) 3072.0132
‘Q12(3) 3099.5442
0P12(4)  3113.0801
0R12(2)  3089.8157.- —.-.. — . .. —__ ____ ____

I’,(3) 3091.1943
f’1(3) 3091.1943
Q 1 (2) 3079.9561
Fll(l) 3072.0132
‘Q12(3) 3099.5442
0P12(4)  3113.0801

3.5450[ + 12
4.6742 [.+ 12
6.0770[ + 12

4.6882[+  1?
?.7573Ei  12
7.8644 [.+ 12
4.9709 E-+ 12
8.?180[:+ 1?
1.2034  E:+13-. —-. —....

?.9768E+ 1?
3.1738 E-+ 1?
5.2488 E-+ 12
5.4760E+ 12
1.1950E413
4.4721E+ 12

2.9768E+ 12
3.1738E+ 12
5.2488E+ 1?
5.4760Ei  1?
1.1950E+13

0.1241
0,0403
0.0291

(8.611)
8.661
1.114
4.810

0.0189
0.0329
0.0403
0.0737
0.1127
0.1240

(5.467)
3.835
5.467
1.711
1.618
1.803
2.305

7 0 3
2.3564
0.310?
1.3333

1 . 7 9
3 . 2 3 4 7

4 . 5 5 5 5

1 . 4 1 2 9

1 . 3 3 6 5

1 . 2 7 3 0

0 . 1 8 7 0.——. ——
(5. 1 50) 1.79

0.0740
0.1125
0.1241
0.0329
0.0189
0.0403

0.0740
0.1125
0.1241
0.0329
0.0189

4.955
5.150
0.809
1.875
0.517
1.125

(4.955)
4.955
5.150
0.809
1.875
0.517

4.1304
4.2511
0.6627
1.5773
0.4406
0.9372

1.72
4.1304
4.2511
0.6627
1.5773
0.4406

0R12(2j 3089.8157 4.4721E+  12 0.0403 1.125 0.9372. ..— . _, ___________ —  — _ _ _ _ _ _ _ _ _ _
p i(2) 3086.3945

. .. —.._ —._—_ ---------
(5.777)–” 1.72

Pi(2) 3086.3945 3.8533E.i 12 0.%127 5.777 3.1863
Ql(l) 3078.4429 1.6130 E-t12 0.1240 4.108 2.2482
0P12(3)  3106.0581 6.5341 E+12 0.0329 0.736 0.4136
‘Q12(2) 3096.3396 4.5560E+12 0.0403 2.667 1.4851
%12(1)-- . . . ., . . . . . . . . .,. --.,. 3090.4565 6.9536E+ 12 0.1240 1.204 0.6666—.—

C2, (3) 3081.5479
— .  — — _ —  — _ . _—- —___

(5.700)
Pi(4)

1.55
3096.1250 2.9154E+ 12 0.0369 4.563 5.1219

Q1(3) 3081.5479 2.9581E~ 12 0.0738 5.700 6.3144
R 1 (2) 3070.3181 5.8408E+ 12 0.1127 1.404 1.5404
0P12(5)  3120.5857 1.0127 E-r13 0.0081 3.767 0.4329
‘Q12(4) 3103.2712 Ci.5004E+ 12 0.0189 1.377 1.5584
‘R12(3j  3089.7771-.. —.. _________ 3.8328E+ 12 0.0330 0.922 1.0308

[’2(4) 3103.3503
— — _  — — — _ _ _ — .

(3.853) 1.26 “—
P2(4) 3103.3503 4.6882 E-r 12 0.0189 3.835 3.2348
Q2(3) 3089.8552 2.7573E+12 0.0329 5.466 4.5555
R2(2) 3080.2378 7.8644E+ 12 0.0403 1.711 1.4129
‘P21(3)  3081.6260 4.9709E+ 12 0.0737 1.618 1.3365
‘Q21(2) 3070.3955 8.?180E+12 0.11’27 1.557 1.2730
‘R21(1) 3062.5259 1.?034E+ 13 0.1240 0.231 0.1871 ——
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‘1 A[ll f- 5 [cont. ).— — — —  .  . -.
f rltissiorl At)sc)rption Solar [’opul:ition

–~;;t ; ;n ‘- - - -  —  - - - - - – - - ;  ~4”,;  ;j- ,
1 Ine

lrra~iarmc (?40K) A Strcngttl iptlt/sot)
(f)tlt/cr112/sec/A) (f V&) Cocfficicrlt S(J,J”) (xl o ‘)

1 rarls wave(A) 1 rans, Wave(A) (xl O’)

[’,(4) 309G 1?[,0 (4.563) 1.?4
[’1(4) 309r3.1250 ?.9154[ + 1? 0.0369 4.563 5.1219
cll(3) 3081.5479 2.9581 [.+ 1? 0.0738 5.700 6.3144
R1(2) 3070.3181 5.8408[ + 12 0.1127 1.404 1.5404
%2(5) 31?0.585-/ 1.0127 E”+ 13 0.0081 3,767 0.4329
“Q12(4) 3103.2712 6.5004[ i 12 0.0189 1.377 1.5584
0F{12(3) 3089.7771 3.8328[ + 12 0.0330 0.92? 1.0308.— . ..-— _____ ..__ — — — . . . — .  . — . .  _

Q,(l) 3078.44?9
—

v o I j - - 1.?3
P1 (2) 3086.3945 3.8533F + 12 0.1127 5.777 3.1863
Q1 (1) 3078.4429 1.6130[ +12 0.1240 4.108 ?.2482
0P12(3) 31 OG.O581 G.5341E-+  12 0.03?9 0.736 0.4136
“QI  2(2) 3096.3396 4.5560[ + 12 0.0403 2.667 1.4851
%1 2(1) 3090.4565 6.9536[”+ 12 0.1240 1.204 o.r3f366_ .— —-.. ________ ._

0[’2, (1) 3078.4763
. .

( m 3 q - - 1.19
P2 (2) 309 G.3733 5.1043 [”+ 1? 0.0403 3.970 1.1019
Q2 (1) 3090.4902 6.4004 [-+ 12 0.0291 4.826 1.3333
‘P21(1)  3078.4763 3.3731Ei  1? 0.1240 5.735 1.5646..— . .—. -.— .———. —.— .-— _ ._ ___

?8



1 rzmsihon Wavelenqttl(A) (pt~t/cn~’/s/A) (pills) (-O. 1 cm’ ) Ag (%) (+ 0.1 Cnl”’ ) Ag (0/0)—. .__. ___ __.. . .. J_____ —— _ — ————-—
0[’1?(5)
of ’12(4)
of ’12(3)
P?(4)
f> Ql?(4)
01’1?(2)
f) Q12(3)
P?(2)
PQ12(?)
PI(4)
PQ12(1)
P1 (3)
CM?(l)
QR12(1)
Q2(3)
QR12(?)
CM] 1 2(3)
PI (2)
PI(I)
QP21 (3)
C/l (3)
m?(?)
Q1(2)
Qf’21 (1)
ClI(l)
Rl(l)
RQ21(2)
HI (2)
SR21(1).—— .. —.. —

31?0.5857
311:3.0801
:~loG.  oEiEll
3103 3503
3103.2712
3099.5825
3099.5442
3096.3733
3096.3396
3096.12s0
3093.7271
3091.1943
3090.4902’
3090.4565
3089.8552
3089.8157
3089.7771
3086.3945
3081.6677
3081.6260
3081.5479
3080.2378
3079.9561
3078.4763
3078.4429
3072.0132
3070.3955
3070.3181
3062.5259

?.ol?7f.-rl3
1.1950E+13
6.5341F+12
4.6882![:+12
G.5004E+12
4.6742E+12
5.4760E:+12
5.1043E’.+ 12
4.5560E:+12
2.9154E+12
6.0770E+12
2.9768E+12
6.4004E+12
6.9536E+12
2.7573E+12
4.4721E+12
3,8328E+12
3.8533Ei12
3.5450E+12
4.9709E+12
2.9581E+12
7.8644E+12
3.1738E+12
3.3731E+12
1.6130E+12
5.2488E+  12
8.2180E+12
5.8408E+12
1.2034E+13

1.26[ -05

1.24[:-05

1.72E-05

1.79E:-05

1.72E-05
2.03E-05

1.55E-05

1.79E-05
1.19E-05
1.23E-05

1.0437[+13
1.2712[  +13
4.9889[ + 12
4.8008[ + 12 0.79
7.1931[ +12
4.9765[ +1?
6.0209[ +1?
4.9443E +12
4.4036E.+12
3.1OI9E+12 3.23
6.0806E+12
3.0823[ +12 12.?1
5.8354E1i 12
7.9337[-+1?
3.0437E+12 0.56
4.8335E-+12
3.1464E+12
4.5489E+12 8.72
3.7472E+12 3.94
5.4239E+ 1?
3.2488E+12 3.23
7.7701E+12
3.6037E412 11.73
2.8739C-+12  -1?.61
1.5945E+12 8.13
5.5399Ei 12
7.9780E+12
5.4357E+12
1.1465E+13

1.0486E-+13
1.?126E+13
9.3160E+1?
5.5533Ei  12
6.417E’E+12
4.5625E:+12
5.3335EI+ 12
5.1248E+12
4,7308Ei12
2.9646E+12
G.8048E+12
3.0788E+12
7.2155E+12
G.2234E+12
2.6770E+12
3.9286E+12
4.3018E+12
4.3463E+12
3.5130E+12
4.5581E-i12
3.0846E+12
9.3421E+12
2.8G21E+12
4.0278E+12
1.8792E+12
4.5737Ei12
8.9816E+12
6.9118E+12
1.3204E+13

8 . 7 3

8.87

-5.81

8.94

9.88
2.96

9.03

-13.lG
14.29

9.76

— ——..-. ——. .—— —.—— . . .-


